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PREFACE

This materials flow study has been prepared to provide reliable information regarding the nature,
magnitude, and extent of the flow and emissions of vanadium in the United States for the year 1991.
Background on the basic structure of the vanadium industry has been included. Brief process
descriptions and simplified flowsheets are given. Where possible, the areas related to existing or
potential losses of vanadium to the environment are pointed out. Another objective of this study was
to establish a baseline of information on vanadium’s overall resource use, and environmental loadings,
and lay the ground work for a complete life-cycle inventory assessment.

The Society of Environmental Toxicology and Chemistry (SETAC) has defined life-cycle assessment
(LCA) as the process of holistically assessing the environmental burdens of products, processes and
other managed human activities.  This process, according to SETAC, involves evaluating the
environmental effects associated with a given activity from the initial gathering of raw materials from
the earth until the point at which all residuals are returned to earth. An alternative terminology used
for this process is "cradle to grave" analysis. SETAC reports that some of the most promising ap-
plications of life-cycle assessment are for internal use by corporations and regulatory agencies. By
developing and using information regarding environmental effects that are both "upstream" and
"downstream" of the particular activity under scrutiny, a new paradigm is created for basing decisions
in both corporate management and regulatory policy-making. Life cycle assessment may be used as a
technical tool to identify and evaluate opportunities to reduce the environmental effects associated with
a specific product, production process, package, material, or activity. It can also be used to evaluate the
effects of resource management options designed to create sustainable systems. Practitioners and
developers of LCA methodology agree that a complete assessment is composcd of three parts.” In the
first part, an inventory of the raw materials and energy resources put in the product, process, or activity,
and the accompanying release of wastes, both matter and energy, to air, water, and soil, is compiled.
Next, the stresses that these raw materials and energy use and waste releases placed on the environment
are analyzed. This is followed by an improvement phase, where changes in the product, process, or
activity are evaluated to minimize the associated environmental stresses. In each of the processes
described in figure 1 there may be one or more operations. Each of these has inputs of raw materials
and energy and outputs of material wastes, various forms of waste energy, and commercial products.
Once boundary conditions for the study have been set, the mass of material inputs, including fuels, into
each operation should equal the mass of outputs of products and material wastes from the operation.

*Perlson, Bruce D. "Life-Cycle Assessment: An Environmental Decision-Making Tool?" Pres. at 203d ACS Nat. Meet., Chem. Marketing and
Econ. Div. San Francisco, CA. Apr. 5-10, 1992.

**A Technical Framework for Life-Cycle Assessments. Fava, I. S., R. Denison, B. Jones, M. A. Curran, B. Vigon, S. Selke, and J. Barnum, ed.
Soc. of Environ. Toxicology and Chem. and SETAC Foundation for Environ. Inf., Jan. 1991, 134 pp.
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THE MATERIALS FLOW OF VANADIUM IN THE UNITED STATES

By Henry E. Hilliard'

ABSTRACT

The production, use, and emission of vanadium in the United States has been traced  for the year
1991. Consumption was 3,300 tons? exports 1,285 tons, and imports 2,013 tons. About 98% of
production was used in metallurgy; the remainder was consumed in chemicals, including catalysts. Total
emissions to the environment in 1991 were estimated at about 3,100 tons, including emissions due to the
combustion of coal and petroleum products. Emissions resulting from the production of ferrovanadium
were 130 tons, and emissions from the production of steel about 6 tons. Dissipative losses, defined as
losses that occurred during use or as a result of wear, were estimated to be no more than 3 tons.
Disposal losses were estimated to be about 4,600 tons. Most of these losses were steel products that
contained 0.1% or less vanadium and may or may not have been recycled. When these products are
recycled by the steel industry, vanadium ends up in the steelmaking slag and does not return to
vanadium use cycle. Worldwide emissions due to anthropogenic and natural sources were briefly
reviewed. It was concluded that industrial emissions were about three times greater than emissions from
natural sources.

'Physical scientist, U.S. Bureau of Mines, Washington, DC.
IMetric tons, unless noted.



SOURCES OF VANADIUM

OCCURRENCES

Vanadium rarely occurs in deposits that can be eco-
nomically mined for the element alone. This is despite the
fact that there are at least 50 distinguishable mineral
species and that, in terms of available earth’s crust, vana-
dium is at least as plentiful as zinc and nickel. While a
few commercial deposits of carnotite and magnetite con-
tain as much as 3% vanadium pentoxide, most contain
0.1% to 1% . Apart from the vanadium sulfides of Peru,
which are no longer in production, commercially exploited
vanadium is usually in an oxidized form such as metal va-
nadates. Invariably, the commercial extraction of vana-
dium is feasible only as a byproduct or a coproduct of
some other valuable mineral. Thus, the carnotite ores can
be processed only when the market for uranium is advan-
tageous, and the exploitation of vanadium from titaniferous
magnetite is contingent on the market for magnetite con-
centrates and on transportation. The reason for this is
that the concentration of vanadium in its ore is so low that
the extraction of vanadium alone is not economical; in
other words, the market price of vanadium cannot support
the mining and production costs involved in such an opera-
tion. When vanadium is recovered as a coproduct, the
market price of the main product supports the cost of ex-
traction of vanadium, and the recovery and sale of vana-
dium, in turn, makes recovery of the main product more
attractive economically. There is a sharing of mining and
production cost between the main product and coproduct
with the main product carrying the larger fraction of the
cost burden. An example of this is the UMETCO Mineral
Corp. operations in Blanding, UT, where uranium is the
main product and vanadium is the coproduct. When vana-
dium is a byproduct, the situation is the same as when it
is a coproduct except that the recovery and sale of by-
product vanadium is not a necessary condition for making
the recovery and sale of the main product economically
viable. Byproduct vanadium is produced at Kerr McGee
Chemical Corp.’s Soda Springs, ID plant, from ferro-
phosphorus slag generated by Monsanto’s elemental phos-
phorus and phosphoric acid operations. (See figure 2.)

The only domestic deposit (vanadiferous clays) mined
exclusively for vanadium is operated by the U. S. Vana-
dium Corp. at Wilson Springs, AR. Vanadium also occurs

in small amounts in fossil fuels. Fly-ash derivatives and
boiler residues from combustion have recently become
important sources of vanadium. Three U.S. companies
recover vanadium from spent hydroprocessing catalyst
and/or oxidation catalysts used in the production of sul-
furic acid and other chemicals.

Comminuted vanadium raw materials awaiting extrac-
tive treatment are often stockpiled in the open where they
are subjected to weathering by air and rain, However, the
vanadium is locked in a highly oxidized and distributed
form. It is not known if surface drainage picks up soluble
vanadium, which would then become a water pollutant. It
is common in handling vanadium-bearing minerals to con-
vert the vanadium to water soluble salts. The conversion
process involves salt roasting, in which the vanadium-
bearing material is mixed with sodium chloride and heated
(roasted) to about 850 °C. Under these conditions, oxi-
dized vanadium is converted to sodium metavanadate
(NaVO,), which is water soluble. The hot water leaching
process is about 95% efficient. Sodium metavanadate is
precipitated from the pregnant liquor by adjusting the
pH to 1-3 with sulfuric acid. When dried and fused, the
product is sold as commercially pure vanadium pentoxide.
For this study, plants producing vanadium pentoxide were
estimated to be 91% efficient. Solid residues from leach-
ing operations will contain some water-soluble materials.
In the case of magnetite pellets, this presents no problem,
since these are later fed to the blast furnace, where the
vanadium emerges in insoluble oxidized form in slag or,
perhaps, as refractory carbide in the pig iron. In any
event, further dispersion does not occur. The salt roasting
of ferrophosphorus slag from phosphate-rock smelting
should be similarly safe, in that the residue from the leach-
ing operation is returned via a smelting operation that
locks the residual vanadium into inert form. The residues
from roasting and leaching carnotite ores, vanadiferous
clays, vanadium slags, and petroleum residues are likely to
be heaped on the ground or landfilled, and will be subject
to rain and groundwater drainage. Wind blown dispersion
is minimized by keeping the heaped material wet at all
times. Emissions to the atmosphere are thought to be
negligible. The treatment of spent catalysts may not al-
ways result in solid residues that require special handling.
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BIOLOGIC EFFECTS OF VANADIUM

Vanadium is found in air, even in areas where there is
no known anthropological contamination (1) This vana-
dium can be attributed to volcanic activity and seasalt
spray. Vanadium concentrations in air are higher in win-
ter than summer, most likely due to increased combustion
of coal and heating oil.

Vanadium enters the body of humans and animals
mainly through the respiratory system. In a 1964 study,

Tipton and Shafer found vanadium in more than half the .

human lung samples studied, with the highest levels in
people over 60 years of age or older (2). The mode of
entry of vanadium compounds commonly seen in industrial
exposures is limited to areas where vanadium pentoxide
is produced, in steel mills where ferrovanadium is used,
and in cleaning boilers fired by oil containing vanadium.

Vanadium compounds are irritants chiefly of the con-
junctiva and respiratory tract. - Prolonged exposure may
lead to respiratory irritation with mucus discharge and
lower respiratory tract irritation with bronchitis and chest
pains (3). Other noted effects of vanadium and its com-
pounds have included contact dermatitis, conjunctivitis, and
(green) discoloration of the tongue. The reported toxic
effects of exposure to vanadium compounds have been
acute, never chronic. )

The adopted threshold limit value for time-weighted
averages for airborne vanadium, including oxide and metal
dust of vanadium, is 0.5 milligram per cubic meter per
8-hour workday/40-hour workweek exposure; the short
term exposure limit is 1.5 milligrams per cubic meter for
dust (4). ‘

MINING AND ASSOCIATED LOSSES

The flow of vanadium in the United States begins with
the mining of ore. The supply also includes imported and
domestic fly-ash, vanadium-bearing slag, petroleum resi-
dues, and spent catalysts. A complete flow chart, through
usage, is'shown as figure 3. Whatever the source, the first
objective is production of a vanadium oxide concentrate.
Mining and general processing methods for vanadium ores
and concentrates are readily available. Records of vana-
dium emissions are not available, but estimates based on
toxic release data (5) indicated that average atmospheric
emissions were about 5 kilograms of vanadium per ton of
vanadium processed.

In 1991, about 4,000 tons of vanadium raw materials
were handled in the United States. Estimating 5 kg of va-
nadium emissions for each ton of vanadium handled cal-
culates to about 20 tons total vanadium emissions for this
segment of the vanadium industry.

URANIUM-VANADIUM ORES

Vanadium minerals have been recognized in many of
the sandstone beds of the Colorado Plateau. Since the
discovery of vanadium and uranium, in the sandstones of
western Colorado in 1898, and particularly since about
1950, considerable work has been done on the geochem-
istry and occurrences of vanadium and uranium (6). Much
of the -literature relating to vanadium deposits in the
Colorado Plateau refers to two general types of ore, the
roscoclite type and the carnotite type. In general, the
roscoelite type of ores occur. in relatively clean sandstone
beds, while the carnotite type ores are found associated
with carbonaceous material.

3Italic numbers in paréntheses refer to items in the list of references
preceding the appendix. -

Open . stoping is the principal underground mining
method in the Colorado plateau (7). If ore is uniformly
distributed within a stratum, the room-and-pillar mining
method is usually used. The vanadium content of Colo-
rado Plateau uranium deposits mined by surface mining
methods is relatively low, and little vanadium was recov-
ered from this ore. In some instances, uranium-vanadium
mineralization is too sparse, or, where it is extensive, too
far from milling facilities to be handled in a normal man-
ner at a profit. In such cases, upgrading or beneficiation
at the site is given consideration. Sometimes upgrading
solely for uranium may not offer an economic advantage
but is favorable when vanadium is to be recovered. Bene-
ficiation and upgrading techniques are not limited to use
at a remote mine site or to low-grade ore. These tech-
niques may prove advantageous in the treatment of any
ore to decrease the total weight of material which must be
transported to the mill and which must be handled in the
milling operation. (See figure 4.)

Mining and milling operations, which involve grinding,
concentrating, and transportation of ores, are potential
point sources of vanadium pentoxide emissions. Vertical
shafts as deep as 600 feet may be used to reach deposits
in the Colorado Plateau. These deep underground mines
release little or no vanadium to the atmosphere. However,
many mines are near the surface. Blasting, used to loosen
ore before it is carried to the surface, could be a source of
emissions. At the surface, the ore is loaded onto trucks or
trains for transportation to the mill. Dust losses from the
milling process are not significant when effective collection
systems are used in the areas of sources of dust, and the
recovered dust is returned to the process. Airborne dust
from crushing and concentrating could ‘be a significant
source of emissions if not adequately controlled.
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Prior to 1985, more than one-half of the vanadium
mined in the United States was recovered as a coproduct
with uranium from sandstones mined in the Colorado
Plateau. Companies recovering vanadium from uranium
ores were hurt by the downturn in nuclear powerplant con-
struction in the aftermath of the Three Mile Island nuclear
reactor accident and the subsequent reduced demand for
enriched uranium. Worldwide recession, high interest
rates, and the cancellation of powerplant construction in
the United States caused the Nuclear Exchange Corp.
(Nuexco) exchange value of uranium oxide to decline from
$40.00 per pound in 1980 to less than $10.00 per pound in
1991. A direct result of the price decrease was mill
closings, decommissionings and personnel cutbacks. At

the same time, the price of vanadium pentoxide fell from
an average of more than $6.00 per pound in 1990 to about
$2.00 per pound in 1992. With these falling prices, co-
product vanadium from uranium-vanadium ores virtually
ceased in 1990.

FERROPHOSPHORUS SLAG

The largest U.S. reserves of vanadium can be found in
the phosphate deposits of Idaho. These phosphate de-
posits occur in the Permian Phosphoria Formation, a
stratum of marine origin containing limestones, phos-
phatic shale, and phosphorite. The Phosphoria Formation
covers the adjoining parts of Montana, Wyoming, and



~Utah. The vanadium content of the phosphorite beds av-
‘erages 0.14% vanadium pentoxide (8). The recovery of
vanadium from wet phosphoric acid resulting from rock
phosphate processing has been accomplished by selective
precipitation schemes or solvent extraction techniques.
Kerr McGee Chemical Corp., the only company producing
vanadium from this source, developed a successful solvent
extraction process at its Soda Springs, ID vanadium mill.
(See figure 5.)

VANADIUM-BEARING IRON SLAG

The world’s largest known reserves of vanadium ore are
contained in the titanomagnetite seams and plugs of the
Upper Zone of the Bushveld Complex located in the
Republic of South Africa. The main seam has a consistent
grade of 1.5% vanadium pentoxide, and averages 4 to
6 feet in thickness. In total, this seam contains more than
200 million tons of proven reserves averaging 1.5% vana-
dium pentoxide (9). Vanadium from these magnetite ores
is extracted as a coproduct with iron, which is converted
to steel. Because of the high titanium content of the ore,
the iron is produced by a special process involving the
pre-reduction of the magnetite with powdered coal in a
rotary kiln followed by reduction in a submerged electric
arc furnace. The iron from these operations contains
about 1% vanadium, which is removed as a slag by low-
temperature treatment with oxygen. The slag contains
12% to 24% vanadium pentoxide. China and Russia also
produce vanadium-bearing slags that contain between 10%
and 20% vanadium pentoxide. A large portion of the slag
produced in South Africa is exported to converters in
Europe, the United States, and Canada, where it may be

Figure 5

directly processed for vanadium extraction without the
need of further concentrating,

PETROLEUM RESIDUES

All crude oils contain vanadium and nickel as im-
purities, and this has long been known to cause severe
corrosion problems in oil-fired boilers using high-vanadium
fuels. The concentration of vanadium in crude oil may
vary from less than 1 to more than 1,400 ppm, depending
on the source of the crude. Vanadium and nickel become
concentrated primarily in the petroleum coke byproduct of
the oil-refining process (10). Processing of crude oils to
reduce their sulfur content coincidently can significantly
reduce their vanadium content. This process is a con-
tinuous coking-gasification process in which the petroleum
vacuum residuals are converted to various gaseous, liquid,
and solid products. These residuals are the principal
source of the products that are sold as residual fuel oils
under such designations as No. 5 and No. 6 or Bunker C
fuel oil. Busch noted that many ships burning Venezuelan
oils during World War II were equipped to collect the flue
dust, which was treated later to recover vanadium. Petro-
leum coke is the solid product and accounts for only
1 wt% of the residuum feed to the desulfurization process.
Most important is the fact that more than 99% of the
metals, including vanadium, originally in the residuum feed
becomes concentrated in this small amount of solids (11).
This solid material has been used as a source of vanadium.

In petroleum refining, the catalysts used for heavy and
light petroleum fractions desulfurization usually contain
molybdeaum trioxide promoted with calcium oxide on alu-
mina as support. During desulfurization, vanadium in the

Phosphate Rock

l

Silic ey .
Coke Electric fumace
~lron ) smelting

— Elemental phosphorus
—— Slag

Vanadium-bearing
Ferrophosphorus

Simplified flowsheet for producing vanadium-bearing fenvphqsphoﬁu slag concentrates.



crude fractions is deposited on the catalyst. Eventually,

because of the deposition of vanadium and other metal

impurities, the catalyst becomes poisoned and must be

replaced. Vanadium pentoxide concentration on catalysts

may reach as high as 21%, and when spent, this material
becomes a commercially useful material for vanadium (and
molybdenum) extraction. Spent catalysts and petroleum

coke may be directly processed for vanadium extraction.
Spent chemical process catalyst, e.g., oxidation catalyst
used in the production of sulfuric acid, maleic anhydride,
and other fine chemicals, can also be processed for the
recovery of vanadium. These catalysts are much leaner
than spent petroleum refinery catalysts, and may be proc-
essed by blending with higher grade materials.

VANADIUM PENTOXIDE EXTRACTION AND LOSSES

Most of the vanadium produced in the United States in
1991 was recovered as vanadium pentoxide. Extraction
processes are more art than science, and each producer
has developed proprietary procedures that are most ef-
ficient for the material being processed.  The extraction
process usually involves salt-roasting, in which the finely
comminuted vanadium-bearing material is mixed with
sodium chloride and roasted. Vanadium in the material
is converted to a water soluble salt that is leached and
precipitated as sodium metavanadate. When dried and
fused, the product is sold as vanadium pentoxide flake.
Based on U.S. Bureau of Mines data, the average extrac-
tion processes in current use are about 91% efficient.
Total U.S. losses (releases) from the production of vana-
dium pentoxide in 1991 are estimated at 357 tons.

VANADIUM-URANIUM ORES

Conventional treatment of vanadium-uranium ores be-
gins with crushing and grinding to produce sized ore suit-
able for leaching. Uranium is extracted from its ores by
a variety of processes, which depend upon the uranium
minerals present, the associated minerals and gangue, the
value of the ore, and the size and location of the ore body.
Pretreatment by roasting has been important in the proc-
essing of vanadium-uranium ores as a means of improving
vanadium extraction. Roasting of carnotite ores with com-
mon salt has played an important role in the processing of
these ores since the 1930’s. It is primarily used to produce
a water soluble vanadium product and to effect a separa-
tion between vanadium and uranium.

The salt roasting process consists of mixing ground
ore at about minus 10-mesh size with 6% to 10% sodium
chloride (NaCl) and then heating (roast) at about 850 °C

for 1 to 2 hours in a multiple hearth roaster. Oxidizing

conditions are necessary to insure that vanadium is in the
penta-valent (V**) state and uranium is as highly oxidized
as possible. When roasting is complete, the calcine is
cooled rapidly. If water is used at this point to extract
water-soluble vanadium, the residue from the water leach
may then be further treated with dilute acid to extract
uranium and additional acid-soluble vanadium. Alterna-
tively, a carbonate-bicarbonate solution may be used as the
quenching and leaching solution, and the dissolved vana-
dium and uranium then separated in subsequent treatment

steps. From 85% to 95% percent of the vanadium can be
recovered with proper roasting conditions (12).

Vanadium is often present in the reduced state, ty-
pically tetravalent or trivalent, in some ores. For this rea-
son, both oxidation and reduction is required to produce
a water-soluble pentavalent vanadate.

2NaCl + O, + Hy0 + V,04 ~ 2NaVO, + 2HCI

The sodium vanadate formed by reaction of the NaCl and
V,0s reacts with uranium compounds to form sodium
uranyl vanadates. - Because this reaction is reversible, the
roasted ore must be quenched as rapidly as possible to
prevent reversion of the sodium uranyl vanadate to the
sodium vanadate and an insoluble uranium complex.

SPENT CATALYST

A simplified flowsheet for the recovery of vanadium
from spent catalyst is shown in figure 6. As with most
procedures for extracting vanadium, the process begins
with salt roasting followed by leaching with water or acid.
Vanadium, nickel, cobalt, and molybdenum may be recov-
ered from spent petroleum process catalysts. An exception
to the roast-leach process was developed by AMAX Me-
tals Recovery Corp. at its Braithwaite, LA, plant. In addi-
tion to metals, the AMAX process also recovers alumina.
The process produces no solid wastes, only water, which
can be discharged to the sewer. (See figure 7.)

PETROLEUM RESIDUES

The process for treating boiler residues, fly-ash, and
petroleum coke is similar to the process used to treat
spent catalyst. However, some of this material may con-
tain high concentrations of carbon that must be removed
at some stage of the operation. In many instances, roast-
ing at about 800 °C is sufficient, or the carbon content can
be reduced to an acceptable level by floatation techniques
using kerosene as a collector and pine oil and Dowfroth
250 as frothers (13). (See figure 8.)

Petroleum residues (spent catalysts, fly ash, and boiler
residues) are processed by plants located in Arkansas,
Idaho, Louisiana, and Texas. In 1991, 2,250 tons of vana-
dium was recovered from petroleum residues.



